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Introduction
Single-domain magnetic particles (also called super-paramagnetic nanoparticles) are small crystals of ferromagnetic material where all the unpaired electronic spins are aligned parallel to each other. 1 Properties of such particles are interesting for a number of reasons. For example, they define the smallest size of a recording magnetic material which can reliably store information. 2 The nano-magnets also have found applications in biotechnology, for magnetic separation and isolation of specific molecules or other particles bound to the nano-magnets. 3 Magnetic nano-particles are used in medical diagnostics, magnetic resonance imaging and hypothermal therapy. 4 Another interesting direction for applications is computing based on nano-magnetic logic. 5 Such a computer potentially could use orders of magnitude less energy than modern highly integrated electronic circuits.
Properties of single-domain magnets such as, for example, the rate of spontaneous magnetisation reversal [6] [7] [8] and the transition from a single-domain superparamagnetic particle to ferromagnetic are strongly dependent on their size. Therefore even a relatively narrow distribution of particle dimensions affects the ensemble measurements. 7 Observation of a single particle eliminates the effect of the size inhomogeneity and isolated single-domain magnets have been observed using, for example, micro-SQUID magnetometry to study magnetisation reversal 9 which is still a hot topic of research. 10 Nitrogen-vacancy centers, in diamond were identified about 40 years ago. 11, 12 They possess a set of unique properties enabling applications in quantum information processing, 13, 14 luminescent labeling, 15 sub-diffraction imaging 16 and as sensitive and optically addressable nano-sensors of electromagnetic fields 17 and temperatures. 18, 19 While full scale quantum computing is a remote future, the nano-sensing field is at the stage of practical realization. For example, noise floor of 3.5 K s 1/2 has been achieved in all-optical measurements of the temperature using a method which is compatible with standard optical microscopes used in biological research. 20 More recently 21 The experimentally demonstrated noise floor is about 3 nT s 1/2 with NV -centers in bulk diamond, 24 about 100 nT s 1/2 with the centre being close to the surface, 25 and about 500 nT s 1/2 in a nanocrystal. 24 The magnetic sensitivity of NV-centers enables detection of 19-nm magnetic particles using bulk diamond crystals. 26 Because a single crystal of diamond can host NV-centers with 4 different orientations of their axes, it is possible to perform a vector magnetometry, 27, 28 that is to determine the magnitude and the direction (relative to the crystal axes) of an unknown magnetic field vector.
Here we present the first step towards development of composite nanoparticles where a single nano-diamond is connected to a single nano-magnet. Such particles represent a new class of nanosystems with unique optical and magnetic properties. For example, the NVcenters in diamond may work as sensors of the temperature, which is a critical parameter for the hypothermal treatment. Fe 3 O 4 nanoparticles have been demonstrated recently to exhibit high heating efficiency but a wide size distribution. 29 The coupled nano-diamonds could measure each particle temperature individually and investigate the effect of the sizeinhomogeneity on the heating. On the other hand, the temperature sensitivity of the proposed composite particles can be higher than the sensitivity of plain NV-centers due to the temperature dependent magnetisation of the nano-magnets. 30 The use of the composite particle would reduce the size of such a sensor dramatically (to tens of nanometers) in comparison to the apparatus used in the original publication. 30 Magnetic sensitivity of NV-centers can also be used to read the state of a nano magnetic register or to probe magnetisation reversal on a single particle level without the limitations of the SQUID or scanning-probe microscopy.
In this paper, we aim at synthesis of novel composite particles made of a single nano-diamond of approximately 40-nm across chemically attached to single-domain nano-magnets of about 12 nm in diameter. In addition to the synthesis, the goal of this work is to demonstrate that NV-centers in nano-diamonds can be used to detect the field created by the nanomagnets and thus to confirm their presence on the surface of the diamonds.
• 
Experimental Materials

Experimental Methods
The Fe 3 O 4 magnetic nanoparticles were prepared by a coprecipitation method. Typically, 50 mL Mili-Q water was purged with nitrogen to remove oxygen and heated to 100 nm. The concentration of the nano-magnets indicates that many magnets can be attached to a single diamond crystal but the coverage of the diamond surface is quite inhomogeneous.
There are many factors which could cause the difference in the coverage. The main reason is that defects on the surface of nanodiamonds which actually serve as active sites for subsequent coating with (3-aminopropyl)triethoxysilane (APS) are usually dependent on particle size and their distribution on the surface is very inhomogeneous even for the same batch of nano-diamonds. Another reason is that these nano-diamonds are only dispersed in water rather than dissolved and they couldn't form homogenous solution during coating which also leads to differences in the coating density. An example of an optical image is shown in Fig. 2 All the centers with the same orientation produce a pair of lines in an ideal crystal when ODMR spectra are taken in external magnetic fields. These lines are positioned symmetrically relative to the line at zero-field if the field is oriented strictly parallel to the center axes or if the field strength is small so that the linear approximation holds. 31 In our experiments neither of the two conditions holds and the positions of the two lines are asymmetrical and their relative intensities are different.
The ODMR frequencies have been used to find the parameters of an emprical Hamilto- mT (we will refer to these fields as 5 mT, 10 mT, 21 mT and 40 mT settings in the following discussion). A scatter correlation plot for two settings is shown in Fig.3 . It is clear that there is a very strong correlation in the distribution of the data points. If a crystal detects a stronger field at 10 mT setting, then the same crystal detects a stronger than average field at 20 mT setting. Note that these crystals have been distributed within a small region of about 30 × 30 micros and the variation of the external magnetic field within this area is smaller than 0.01% according to our numerical simulations. Such correlation could result from a number of reasons intrinsic to the diamond crystals. For example, strong distortion of the crystal lattice in nm-sized crystals or surface proximity effects. But the inset in Fig.3 shows no statistically significant correlation if the diamond crystals are free from the nano-magnets.
Therefore we conclude that the correlation results from the presence of the single-domain magnets.
To explain the correlation we need to take into account that the single-domain magnets have a nonzero average magnetisation in the presence of an external magnetic field (otherwise the magnetisation spontaneously changes its direction and averages to zero). The averaged over time magnetic moment (for the case of the external field being aligned with the direction of easy magnetisation) reads The direction of the field changes little because the contribution of a nano-magnet is not larger than 5% of the external field applied to the sample. The corresponding maximum change of the direction of the total field is less than 3 degrees (achieved if the field of a magnet is strictly perpendicular to the external field). But the field of many uniformly distributed nano-magnets is nearly parallel to the external field due to the approximate axial symmetry (around the external field direction) of the average magnetisation .
The ODMR spectra of the 15 crystals used in this study showed line broadening of about 10 MHz at 40-mT external field. The broadening varied from crystal to crystal significantly.
The broadening is observed because the field produced by nano-magnets has a different strength at the locations of different NV-centers (if there are several centers with an identical orientation within a single nanocrystal). A relatively small broadening has several qualitative explanations. First, most of the crystals in the field of view (see Fig. 2 ) show shallow and broad ODMR lines and could not be used for the purpose of the field measurements within the 5mT to 40 mT range. The selected "good crystals" could be the crystals with approximately uniform field. Second, a permeable material uniformly covering a spherical shell creates inside the shell a uniform shielding field. 33 Although we do not have such an ideal shielding, the variation of the field could be still small across each of the crystals. Third, the main contribution to the narrow ODMR lines comes from the centres located away from the surface, in the middle of the crystals where the field is most uniform.
As the last point of the discussion, we will estimate the field in the centre of the crystals.
We can treat a single-domain magnet as a point dipole. Given an average radius of the 
where µ 0 is the vacuum permeability. Given B 0 = 15mT and the external field of 10 mT, the contribution of a single domain is about 0.9 mT. By the order of magnitude, this value is in agreement with about 10% range of the relative deviations from the mean value observed at 10 mT setting (see Fig.4 ).
Conclusion
In this paper we have presented synthesis of novel composite particles. These particles are made of chemically bound luminescent nano-diamonds and single-domain magnets. We have developed a method based on nano-magnetometry (using ODMR of negatively charged NV centers embedded in the bound to magnets diamond nano-crystals) which clearly demonstrates the presence of the magnets on the surface of the nano-diamonds. The ODMR also shows saturation of the average magnetisation of the nano-magnets in external fields from 10 to 40 mT, in agreement with a simple model of single-domain magnetisation. A relatively high homogeneity of the local fields created by the magnets has been explained qualitatively but needs further research to obtain a quantitative agreement. These results demonstrate a new class of composite nano-particles with potential applications in a variety of fields such as intracellular diagnostics, hypothermal therapy, and computing.
